The demonstration in the past few years that simple nutrients are sufficient to enable a rapid germination of spores from aerobic bacteria has stimulated an interest in the biochemical reactions involved. Glucose, adenosine, and certain amino acids, added singly or in combination, were found by a number of workers to be sufficient to lead to over 90 per cent germination of spores from a number of aerobic strains within a 30 minute period (Knaysi, 1945; EHils, 1949a EHils, , b, 1950 Pulvertaft and Haynes, 1951; Powell, 1950). Among the bacillus strains, Hills and co-workers found that of these nutrients L-alanine played the most prominent and general role. Its activity could be inhibited by D-alanine but not by a series of other structural analogues (Hills, 1949b It is the purpose of this paper to characterize this enzyme more precisely and determine whether or not it plays a role in the germination process. If its activity is essential for germination, then one would expect the following correlations:
approimately 90 per cent of the spores of Bacillus terminalis would germinate in the presence of adenosine and L-alanine, but if the cells were removed then by centrifuging, the resulting supernatant was unable to bring about the germination of freshly added spores. Subsequent studies made to explain this revealed the presence of an active enzyme that would convert the L-alanine to D-alanine, and the latter would inhibit the germination initiated by the L-alanine. Nine other aerobic spore formers were studied, and the racemase was found in all of them.
The properties of this enzyme which have been studied thus far, pH optimum, affinity for the substrate, and the vitamin Bs requirement, suggest that it is identical with the alanine racemase reported by Wood and Gunsalus (1951) . Although all racemase enzymes studied to date can convert either the D-or L-aino acid to the racemase mixture, the observed inhibition of the germination by D-alanine warranted further study of the spore enzyme to see if it also would do this. If the enzyme is a true racemase, then the D-alanine inhibition would suggest that the racemase enzyme plays a secondary role in the germination and that the L-alanine is serving as a substrate for some other enzyme.
It is the purpose of this paper to characterize this enzyme more precisely and determine whether or not it plays a role in the germination process. If its activity is essential for germination, then one would expect the following correlations:
(1) Response to L-alanine should parallel the content of the enzyme in different strains of the organism.
(2) Inactivation of the enzyme should preclude germination of the spore.
MATER[ALS AND METHODS
Production and purification of spores. In order to study the activity of enzymes associated with spores, it is essential that the spores be obtained free from contamination with materials from the vegetative cells. This is particularly important in studying an enzyme which is common to both the vegetative cell and its spore (Stewart and Halvorson, 1953) . Consequently, purity gauged only by microscopic observation is insufficient. It would be more accurate to depend upon the elimination of heat-ensitive enzymes which are associated with the vegetative cell. For aerobic spore formers, catalase activity is a convenient choice because of its wide distribution and high turnover number. However, since some of the spores contain a heat-stable catalase (Lawrence and Halvorson, 1954) (Powell and Hunter, 1953) .
Following autolysis, the spores were removed by differential centrifugation and washed with distilled water until they were microscopically clean and free from heat labile catalae. In the case of Bacillus ceieus, 12 washings were sufficient.
For the remaining species studied, this procedure failed to yield pure spores. In these cases, by suspending and incubating the spores in dilute HCl solution at pH 2, subsequent differential centrifugation yielded clean spores.
Determination of viability. The viability of the spores obtained by the above method was determined by a comparison of a direct count with a viable count. The latter was performed by plating aliquots in duplicate on a medium containing one per cent peptone (Difco), one per cent yeast extract, 0.5 per cent sodium chloride, and two per cent agar. The plates were incubated at 30 C and counted after 24 and 48 hours.
Measurement of germination. The following criteria were used routinely as an index of spore germination (Powell, 1950) : (1) the change in the refractive index of a germinating suspension as measured in a Klett-Summerson photoelectric colorimeter using filter no. 420; (2) the ability of the spore to take up one per cent aqueous methylene blue stain; and (3) the loss in heat resistance. With each of the spores studied, it was found necessary to heat shock the suspension before optimal germination could be obtained. This was achieved by placing a suspension of 0.2 mg of dry spores per ml of buffer at pH 7.3 in a 65 C water bath for 15 minutes. Following equilibration of the spore suspension at 30 C, various agents were added and the kinetics of germination measured by the methods described above.
Determination of alanine racemase. The alanine racemase activity of intact spores or soluble enzymes was determined as reported elsewhere (Stewart and Halvorson, 1953) . The activity of the enzyme at 30 C was stopped at appropriate intervals either by chilling and centrifuging the spores out of the medium or by heat inactivation of the soluble enzyme. The concentration of D-alanine was measured manometrically (Wood and Gunsalus, 1951) Halvorson, 1953, 1954) . The enzyme from either intact spores or spore extracts has a pH optimum of 8.5, is specific for alanine, and has a K. value of 5.8 X 104 m. A threefold increase in enzyme activity was observed upon the addition of pyridoxal phosphate to dialyzed extracts of spores. Such an addition to the intact spore, however, does not influence the enzyme activity. Although these properties are in agreement with those in the alanine racemase enzyme reported by Wood and Gunsalus (1951) , the response of germination of L-and D-alanine warrants an investigation of the reversibility of the reaction.
The reversibility of the enzymatic reaction was determined using both intact spores of B. termnaliu and extracts of the same spores (Stewart and Halvorson, 1954 (Stewart and Halvorson, 1953), B. ubtili8, and B. megaterium (Powell, 1950 (Powell, , 1951 globigii spores in the presence of glucose is not inhibited by D-alanine but rather is slightly stimulated. Preliminary attempts to demonstrate any appreciable disappearance of L-alanine in the presence of B. globigii spores have been unsuccessful thus far. Separation of alanine racemase activity from germination in spores of B. terminalis. Although the previous results suggest that germination does not require alanine racemase activity, a conclusive separation can be established only in a system where both are initially operative. Attempts to achieve such a separation in B. terminalis were undertaken by varying the pH. The buffers that were found to be noninhibitory for either germination or the racemase enzyme and their effective buffering range are listed in table 4. The activities of both systems were checked with two different buffers for each pH determined.
The rate of alanine racemase activity for the intact spores was measured at various pH's by the static assay method previously described. In each case the final pH was adjusted to 8. L-alanine at pH 11.3 in the absence of alanine racemase activity.
DISCUSSION
The reults reported here and elsewhere have demonstrated that spores of aerobic bacteria can be germinated rapidly in the presence of various combinations of L-alanine, glucose, and adenosine. The mechanism whereby these compounds initiate germination is obscure, however, largely due to our ignorance of the biochemical activities of spores. Hardwick and Foster (1952) have shown that 17 enzymes which are present in the vegetative cell are absent from the homologous spores. It would seem reasonable to assume that this apparent inertnes represents a lack of sufficiently sensitive test systems rather than a paucity of enzymes in spores.
Although numerous claims have been made for the presence of enzymes in spores, only three enzymes have been reported in spores that are sufficiently clean to preclude possble contamination from vegetative debris. These are a diaphorase-like enzyme (Spencer and Powell, 1952) , alanine racemase (Stewart and Halvorson, 1953) , and catalase (Iawrence and Halvorson, 1954) . Of these enzymes, only alanine racemase acts directly on one of, the compounds which stimulates germination. It seemed necessary, therefore, to determine whether or not the activity of this enzyme was essential for the germination process. The results preseted in this paper indicate that the germination of spores from aerobic bacteria in the presence of L-alanine is independent of the activity of the alanine racemase enzyme. The often-observed inhibition by D-alanine was shown not to be due to an inhibition of the racemase enzyme. This enzyme obtained either from extracts or intact spores of B. terminali produced racemic mixtures starting with either D-or L-alamine. A survey of the requirements for germination and the distribution of the aanine racemase enzyme showed that spores of B. meaterium, although they contain the racemase enzyme, germinate in the absence of alanine. On the other hand, B. globigii spores, which lack this enzyme, are stimulated to germinate by L-alafine. A more significant separation was observed in spores of B. terminalia which require alanine for germination and also contain the racemase enzyme. At a pH of 11.3, 70 per cent of the spores germinated in one hour under conditions in which the enzyme was completely inactive.
Although these results tend to eliminate the need of alanine racemase for germination, they do not explain the role of L-alanine in the process. The ability of glucose to replace L-alanine and the smal but significant activity of pyruvate, lactate, glycerophosphate, and ribose (Powell, 1951) suggested the posibility that the active agent may be a triose which is derived from both alanine and glucose. That alanine itself might be the intermediate formed from glucose is made unlikely not only by the failure to detect alanine in the medium during glucose stimulated germination but also by the failure of D-alanine to inhibit this germination. Some recent observations by Harrell and Halvorson (1954) suggested that L-alanine may directly or indirectly play a catalytic role in the germination. Following a 45 second exposure to alanine at pH 8.5 and subsequent washing, over 40 per cent germination was observed upon continual incubation in the absence of alanine. Experiments are in progress employing C14 labeled alsnine in an attempt to reveal the role of alanine during this period.
